A new inversion technique is presented for measuring the depth of stellar convection zones and the helium abundance from oscillation frequencies of low-degree modes. It is based on a linearized variational principle for stellar oscillations, reformulated in terms of a parameter of convective stability (which is proportional to the radial gradient of the specific entropy) and the helium abundance, by using the equations of hydrostatic support of stellar structure and the equation of state. In addition, it is assumed that the parameter of convective stability is close to zero in the zones of adiabatic convection. It is then possible to locate the lower boundary of the convection zone in the envelope by applying a regularized least-squares fit to the oscillation frequencies. It is demonstrated that the technique works for low-degree data alone, such as can be obtained from full-disc measurements. The technique has been applied to solar data obtained from the IPHIR instrument on the Phobos spacecraft. The estimates of the solar helium abundance and the depth of the convection zone so obtained are discussed.
INTRODUCTION
An important area of helio-and asteroseismology is the formulation of inversion procedures designed to answer some particular questions about the nature of the stellar interior. For instance, the measurement of the depths of convection zones and the search for a signature of convective overshoot require investigation of the smoothness of the sound speed : the location of the base of a convection zone can be found as a rapid variation of the gradient of the sound speed (see e.g. Gough & Sekii 1993; Monteiro, Christensen-Dalsgaard & Thompson 1993; Roxburgh 1993) .
We develop an alternative approach which involves measuring the parameter of convective stability, which is proportional to the radial gradient of the specific entropy, ^ 1 dlnp _ dlnp ydlnr dlnr' y> where y is the first adiabatic exponent, p is pressure, and p is density. The parameter A* is positive in zones of radiative energy transfer inside a star, which are stable against convection, and vanishes in zones of adiabatic convection; it may have negative values in a narrow region of inefficient convection near the surface. The base of the outer convective envelope is determined as the lower boundary of a region of A* = 0. Fig. 1 shows A* as a function of radius for a standard solar model, which is taken as a reference model (solid curve), and for a non-standard model (dotted curve). The difference in A* between the models is shown by the dashed curve.
THE INVERSION TECHNIQUE
The relative frequency variations ócoí/cdí of low-degree oscillation modes can be expressed in terms of the variation ÔA* of A* relative to a reference stellar model, according to the linearized expression Ç pti.
Jo where K' A Y is an appropriate kernel constructed from a variational principle of adiabatic oscillations and from the adjoint of a perturbation to the equation of stellar structure ); J l is an integral over the reference model, which represents the sensitivity of co; to the helium abundance Y due to variations of plasma compressibility in zones of ionization of helium and hydrogen. The integral is computed using the MHD equation of state (Däppen et al. 1988) . A smooth function / (co) is added to absorb surface effects (Dziembowski, Pamyatnykh & Sienkiewicz 1990; Däppen et al. 1991) , such as non-adiabaticity and rapid variations of A* in the zone A. G. Kosovichev (3) 2=0 Typically, the difference <5^4* between two similar stellar models has a sharp extremum near the radius of the base of the convection zone, r^, of one of the models, and vanishes above the radius of the convection zone, r c , of the other model. Therefore equation (2) (4) It is adequate to assume that SA* can be approximated by a linear function in this region r c <r < r', and by a set of piecewise linear functions for 0 < r < r c . A solution of equation (4) can be obtained by a regularized least-squares inversion technique (e.g. Thompson 1991 ) by minimizing amongst ôA*, ôY and a¿, for some trade-off parameter a, the functional N is the number of data points, N p is the number of unknown parameters, the <5a>, obs are differences between observed frequencies and corresponding eigenfrequencies of a reference model, the ôoef { are the differences obtained from equation (4), and the cr ¿ are standard errors in the data. Fig. 2 shows an example of an inversion of 25 frequencies of p modes of degrees /=0, 1 and 2 (solid curve). The shaded area represents errors estimated by adding random Gaussian noise with cr = 0.1/¿Hz to the data. From the low-degree modes alone, A* cannot be accurately determined outside the central region. However, the location of the extremum at the unknown radius of the convection zone, r', can be reliably estimated. One way of carrying this out is to minimize the parameter x 2 as a function of r' c .
RESULTS AND DISCUSSION
Figs 3 and 4 illustrate x 2 ( r c) f°r two sets °f artificial data: (i) 25 frequencies of p modes of degrees / = 0,1 and 2 in the frequency range 2.5-3.5 mHz (solid curve), and (ii) 17 frequencies of degrees / = 0 and 1 in the same range (dashed curve). (7 = 0.1 /¿Hz in Fig. 3 , and a = 0.3 /¿Hz in Fig. 4 . The results for the helium abundance are shown in Table 1 .
For both mode sets, the procedure provides reasonable estimates of the depth of the convection zone and of the helium abundance. However, for the latter the higher accuracy of 0.1 /¿Hz, corresponding to 3 months of continuous observations, is required.
The technique has been applied to the solar data obtained for the same p-mode set during the 6-month space experiment IPHIR (Toutain & Fröhlich 1992) . The IPHIR data represent perhaps the most accurate measurements of low-degree mode frequencies made to date [see Gough & Kosovichev (1993) for Seismic measurements of stellar convection zones 1055 The helium abundance in the Sun obtained from the first mode set is 0.251, and that from the second is 0.256. Seismic estimates of the helium abundance largely depend on uncertainties in the equation of state of solar plasma, which are not fully understood (see Kosovichev et al. 1992) . The above values were obtained with the most complete version of the MHD equation of state (Däppen et al. 1988) . The estimate of the helium abundance from the high-degree data with the same equation of state is even lower, 0.232 + 0.006 (Kosovichev et al. 1992) . Both estimates from the low-and high-degree oscillation frequencies are well below the helium abundances (about 0.285) in the typical solar models. Thus the IPHIR data appear to give further evidence for gravitational settling of helium in the Sun. The depth of the solar convection zone from the inversion is approximately 0.32 R 0 , which is approximately 10 per cent deeper than the value of 0.29 R 0 obtained from inversions of intermediate-degree data (Christensen-Dalsgaard, Kosovichev & Fedorova 1991) . Roxburgh (1993) has deduced an even larger depth of the convection zone by analysing a phase shift in the data. The reason for the difference is not known yet, but it can perhaps be attributed to small systematic errors in the IPHIR data, which are currently under investigation by Toutain & Kosovichev (in preparation) .
